Abstract Molecular diagnosis of complex dual genome mitochondrial disorders is a challenge. It requires the identification of deleterious mutations in one of the~1,500 nuclear genes and the mitochondrial genome. If the molecular defect is in the mitochondrial genome, quantification of degree of mutation load (heteroplasmy) in affected tissues is important. Due to the extreme clinical and genetic heterogeneity, conventional sequence analysis of the candidate genes one-byone is impractical, if not impossible. The newly developed massively parallel next generation sequencing (NGS) technique, that allows simultaneous sequence analysis of multiple target genes, when appropriately validated with deep coverage and proper quality controls, can be used as an effective comprehensive diagnostic approach in CLIA certified clinical laboratories.
Introduction
The purpose of molecular diagnosis of mitochondrial disorders is to identify the genetic defects in the causative genes to confirm the clinical diagnosis of the disease. The gold standard of molecular diagnosis has been Sanger sequencing of the candidate genes one-by-one, which is costly and not practical for clinically and genetically extremely heterogeneous mitochondrial disorders.
Mitochondrial disorders are a group of the most complex genetic diseases known to date. Two genomes are involved, the tiny 16,569 bp circular double-stranded mitochondrial DNA (mtDNA) and approximately 1,500 nuclear genes that have mitochondrial ontology [1, 2] . Most human cells contain hundreds to thousands of mitochondria [3] , each of which contains multiple copies of mtDNA. The degree of heteroplasmy of a mutation, nature of the specific mutation, and its tissue distribution determine the clinical phenotype of the affected patient [4, 5] .
Unlike the nuclear genes, mitochondrial genome contains no introns in the protein coding regions. In addition to the 13 protein coding genes, there are two ribosomal RNAs and 22 tRNAs. Pathogenic mutations, including point mutations and large deletions, have been found along the entire mitochondrial genome ( Fig. 1 ) (http://www.mitomap.org/ MITOMAP). Therefore, diagnosis of mtDNA-related disorders should comprise the detection and quantification of mtDNA sequence changes.
Several groups of nuclear genes are associated with certain recognizable mitochondrial syndromes [6] . For example, genes responsible for mtDNA biogenesis or maintenance of mtDNA integrity may cause mtDNA depletion syndromes, including hepatocerebral and myopathic forms. Genes encoding respiratory chain complex subunits or complex assembly factors may cause isolated respiratory chain complex deficiency, whereas genes encoding aminoacyl tRNA synthetases, mitochondrial ribosomal protein subunits, and mitochondrial protein translation factors may cause generalized reduction in the synthesis of mitochondrial encoded proteins [6] . Therefore, a comprehensive molecular diagnosis should ultimately include the analysis of all nuclear genes whose defects may cause mitochondrial disorders [7, 8] .
The next generation sequencing (NGS) technology based on massively parallel sequencing, which has the capability to simultaneously sequence a group of target genes or millions of nucleotide sequences in parallel, is an ideal approach for the diagnosis of the complex dual genome mitochondrial disorder. The NGS technology has been used to discover many novel genes that cause mitochondrial related disorders on research bases [1, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . It is now time to bring this technology to clinical diagnosis. This review describes the procedures to implement NGS-based molecular tests in clinical settings in compliance with guidelines set by the College of American Pathologists (CAP) and the Clinical Laboratory Improvement Amendments (CLIA) [28] .
Requirement on Bringing a New Test Technology to Clinical Laboratories
Testing of human specimens for diagnostic purposes must follow the regulatory procedures defined by the Clinical Laboratory Improvement Amendments (CLIA), which requires the assessment and documentation of performance characteristics of the new method including sensitivity, specificity, accuracy, reproducibility, and any other unique procedures applicable to the analytic validity of the test results. In general, before applying NGS-based tests to clinical laboratories, the tests must be validated. In particular, for the diagnosis of mitochondrial disorders by MPS, the specific parameters for the evaluation of the analytical performance of an NGS run should include depth of coverage, uniformity of distribution of read coverage, insufficiently covered regions or base positions, quality of base calls, ability to detect large deletions, and range of detection [29, 30] .
Validation of NGS-Based Tests
The validation process of NGS-based tests should include three major interconnected components: platform, test, and informatics pipeline [31] . A full test validation will also include the validation of the platform used for the test and the bioinformatics pipeline used for the analysis of the sequence results and variant annotation. Platform validation establishes the performance specifications of the sequencing platform and the types of variants detected by the test. Validation of the informatics pipeline establishes the analytical software parameters necessary to provide accurate sequence data and detection of variations within the targeted regions. Test validation documents the specificity, sensitivity, and limitation of the assay to detect clinically significant sequence variations.
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Ideally, a complete validation of an NGS-based test includes three steps. The first step is to establish the analytic sensitivity (the likelihood of detecting a sequence variation when one is present within the target region sequenced) and analytic specificity (the likelihood of not detecting sequence variations when they are not present in the target region) by the comparison of test results to those obtained from an independently validated method, such as Sanger sequencing or SNP array analysis. This validation step is also used to optimize analytical parameters such that the highest accuracy, specificity, sensitivity, and reproducibility can be achieved with the particular NGS platform and informatics pipeline. The second step is to establish the range of detection and the limit of detection. This is performed by the analysis of a broad range of samples with known types of mutations, including nucleotide substitutions, small indels, large deletions, mutations which occur in a repeat region or a homopolymer track. If the assay involves quantitative analysis, then control specimens should be included for the evaluation of experimental and analytical errors and the assessment of the limit of detection. This step also validates the analytical and annotation pipelines. Finally, a set of samples from patients with clinical indication of a genetic disease without molecular diagnosis are analyzed to validate the ability of the NGSbased test in the detection of mutations in undiagnosed patients.
Quality Control Procedures and Quality Assurance Program
Implementation of proper quality control procedures can detect immediate errors caused by instrumentation, test procedures, and operators' performance. For example, machine malfunction, loading incorrect amount of samples, sample mix-up, adding wrong reagent, errors in library preparation, and incorrect parameter settings for sequence analysis, can be effectively monitored. The best way to detect errors easily and quickly is to include a "quality control" sample with the test sample at the beginning of the test procedures and treat it the same way as the test sample. The quality check point is instituted at every step, including DNA extraction, library preparation, target genes enrichment, sequencing, coverage of target regions, sample identity, experimental and analytical errors, etc. so that errors can be detected immediately when they occur. The quality assurance program, on the other hand, continuously evaluates and improves the test performance to ensure the quality of service provided.
Analysis of the Mitochondrial Genome by NGS
Conventional Molecular Diagnosis of Mitochondrial DNA Disorders
Patients suspected of having maternally inherited mtDNA disorders are usually first screened for the common point mutations by PCR-based assays including RFLP [4, 5, 32] and allele specific oligonucleotide (ASO) dot blot hybridization methods [32] . Using radioactive probes, the ASO dot blot hybridization method is sensitive enough to detect point mutations at as low as 1 % [33] . If a common point mutation is identified, quantitative analysis of the level of heteroplasmy can be determined by several different methods including allele refractory mutation system-based quantitative PCR (ARMS qPCR) [34] . These methods require validation for each specific point mutation and are currently limited to the analyses of known point mutations [33, 34] .
Southern blot analysis is used to detect large deletions in mtDNA. However, Southern analysis is a tedious procedure and it does not provide deletion breakpoints or the degree of deletion heteroplasmy. These deficiencies can be addressed by array comparative genome hybridization (aCGH), which not only detects the deletion but also provides deletion breakpoints and an estimate of deletion heteroplasmy [35] [36] [37] .
If the common point mutations and large deletions are not detected, and the maternal inheritance of the disease is still hypothesized, the whole mitochondrial genome is analyzed by Sanger sequencing of multiple overlapping PCR fragments covering the entire mitochondrial genome [38, 39] . Sanger sequencing has been the gold standard for the identification of unknown mtDNA point mutations for many years before the advent of massively parallel sequence analysis. However, it is not a quantitative method, it does not detect mutations at low heteroplasmic levels. It also does not detect large deletions [35] [36] [37] . In addition, PCR based methods will not accurately detect the sequence under the primer binding sites.
By their very nature, multiple mtDNA deletions are difficult to detect. The individual molecular species are often present at low levels, challenging methods with low sensitivity, such as Southern analysis. Conversely, PCR-based assays will amplify deletion molecules to detectable levels, but are very dependent upon choice of primer sites and may fail in the presence of sequence variations. In this method, multiple pairs of primers are employed in order to evaluate suspected deletion regions on the mitochondrial genome. Primer pairs and PCR conditions are selected such that amplification will only occur when a primer pair encompasses a deletion. If multiple deletions are present, it is possible to amplify multiple fragments.
Although clinical features are not affected by the size and location of mtDNA deletion, it is important to confirm the observed deletion by the determination of deletion breakpoints due to the possible interference of SNPs on RFLP Southern analysis and non-specific amplification by long range PCR. To determine the deletion junctions, primers outside the approximate deletion regions are designed. Since the exact deletion breakpoints are usually not defined before the junction is sequenced, several pairs of primers covering different ranges of possible deletions have to be tested to find the approximate limits of the deletion [40] . PCR products are then purified followed by Sanger sequencing [40] . These procedures are time consuming and labor intensive even for single deletions. The presence of multiple deletions exacerbates this situation; more primer pairs must be tested and more PCR products must be purified and sequenced. Even after extensive efforts, these procedures may not determine all of the different breakpoints. The detection and characterization of multiple deletions is greatly simplified by the adoption of massively parallel sequencing of the entire mitochondrial genome with uniformly deep coverage [30] .
NGS-Based Analyses
Target Gene Enrichment
The first step to NGS-based analysis of the mitochondrial genome is to enrich the mtDNA sequences. Major methods for target gene enrichment are either PCR-based or capturebased. Since the mitochondrial genome is small (16.6 kb) and does not contain any introns, the enrichment is usually achieved by PCR, which may use 24-36 pairs of primers [39, 41, 42] to amplify short overlapping regions, or two to three pairs of primers for long range PCR (LR-PCR) [3, 43, 44] . In our laboratory, we use one pair of immediate backto-back LR-PCR primers to generate a single amplicon of the entire mitochondrial genome (Fig. 1) [29, 30, 45] . Enrichment by multiplex PCR or by mixing PCR products usually does not provide even coverage upon sequencing [30, 45] . Coverage within the same PCR fragment may be uniform, but there is large variation in coverage among different PCR fragments, that renders the inability to detect large deletions. Another pitfall of enrichment by PCR is the abundance of mtSNPs in the mitochondrial genome [30] . The mtSNPs within the PCR primers often interfere with the amplification efficiency in addition to possible preferential amplification of the nuclear mtDNA sequence homologues (also known as NUMT) (see below) [45] .
Alternatively, enrichment of the mitochondrial genome can be done by capture-in-solution using RNA or DNA probes [9, 44, 46] . However, the coverage profile showed that different parts of the mitochondrial genome are not captured and sequenced uniformly, which greatly reduced the sensitivity of detecting large deletions or low heteroplasmic variants [9, 30] .
Multiple copies of mitochondrial pseudogenes are stranded on each of the nuclear chromosomes [45, 47, 48] . These nuclear mitochondrial sequences (NUMTs) produce a significant background of sequence variants that must be contended with in order to discern the true mtDNA sequence. In addition, due to the abundance of NUMTs, exome capture/sequencing will co-capture NUMTs even in the absence of mtDNA specific probes. Thus, interference from NUMT sequences may result in incorrect sequence information and/or errors in the quantification of mtDNA heteroplasmy [45, 47, 48] .
Massively Parallel Sequencing
Several platforms, including 454, SOLiD, Affymetrix resequencing chip, Illumina, and Ion Torrent are used for massively parallel sequencing (MPS). The utilization of different MPS sequencing chemistries and machine hardware configurations has been reviewed [29, [49] [50] [51] [52] . Each method has its own advantages and disadvantages, and the specific characteristics of the mitochondrial genome determine the selection of the most suitable MPS methodology [30, 45] .
The mitochondrial genome contains a number of homopolymeric stretches, high GC content regions, and short tandem repeats. Since low heteroplasmy of deleterious mutations, including small indels in repeat regions, can be clinically significant, it is important to understand the limitations of each different sequencing method, which is beyond the scope of this review [29, 30, [48] [49] [50] [51] . Different platforms may also affect the depth of coverage and the ability to multiplex. Proper controls should be included and analyzed together with each indexed specimen to ensure accuracy [30, 45] . Limit of detection of NGS-based assays should be assessed since quantification of mtDNA mutation heteroplasmy is an important analytical component. Since different platforms and experimental designs provide different depth of sequence coverage, limits of heteroplasmy detection are variable and should be validated [3, 9, 30, 44] .
Assessment of different MPS platforms revealed that Illumina HiSeq provided satisfactory quality results and was appropriate to fulfill our performance requirement. We thus used this platform to extensively validate our NGSbased analysis of the mitochondrial genome [30, 45] .
Comprehensive One-Step Analysis of the Whole Mitochondrial Genome
This approach uses one pair of non-overlapping, back-to-back primers (Fig. 1) ; mt16426F-5'ccgcacaagagtgctactctcctc3' and mt16425R-5'gatattgatttcacggaggatggtg3' for the long range PCR (LR-PCR) amplification of the entire mitochondrial genome as a single amplicon, followed by fragmentation of PCR products, library preparation and sequencing on Illumina HiSeq2000 [30, 45] . To validate, 24 samples that have been analyzed by Sanger sequencing were analyzed using this onestep NGS approach with about 20,000X coverage. The results revealed that all variants detected by Sanger sequencing were also detected by this NGS approach, demonstrating 100 % sensitivity and specificity. There were no false negative or false positive findings, except that NGS also detected low heteroplasmic changes that were not detected by Sanger sequencing. In addition, it detected high levels of heteroplasmic changes that were inaccurately scored as homoplasmic by Sanger sequencing [30] .
Since the whole mitochondrial genome is amplified as one single amplicon, every base is presumably represented in proportion to its occurrence in the starting population of molecules ( Fig. 2A) . However, molecules containing deletions can have a replicative advantage in limiting conditions. Therefore, while deletions are readily detected (Fig. 2B) , their heteroplasmy levels may be overestimated. By aligning the unmatched sequences to the mitochondrial reference sequence (rCRS) with less stringent parameters to allow >80 % match in one side of the sequence read, the deletion breakpoints can be precisely mapped [30] . This is a great advantage in contrast to conventional Southern analysis of large deletions where the detection of deletion and determination of the breakpoints are two separate tedious procedures. The advantage of being able to map the break points in contrast to conventional methods is even greater in that overlapping multiple deletions can be detected as gradual decrease in the depth of coverage through the deletion region (Fig. 2C ) and multiple break points can be identified.
Since the measurement of the degree of mutation heteroplasmy is critical in result interpretation and genetic counseling, limit of detection of the NGS approach and the reproducibility of the quantified results from various runs must be assessed. By multiplexing 12 samples per lane of the flow cell and 75 cycles of sequencing, an average coverage per base of~20,000X can be routinely achieved [30] . At this depth of coverage, and 0.326 %±0.335 % experimental error rate, heteroplasmies >1.5 % are easily and accurately detected. For the purpose of quality control, a series of reference DNA samples containing 0, 1, 5, 10, 20, 50, 80, 95, and 100 % of variants at known specific nucleotide positions have always been included with each indexed sample through sample preparation and analyzed exactly the same way as the same indexed patient's sample [30] . In addition, a spiked-in sample with 1.1 % heteroplasmic m.3243A>G mutation has demonstrated a consistent detection of 1.14 %±0.09 % on hundreds of different runs (unpublished observation). These quality control procedures have ensured the accuracy and reproducibility of test results [30, 45] . To date, more than 1,000 samples have been analyzed using this comprehensive one-step approach. Numerous homoplasmic or heteroplasmic variants have been detected (results submitted for publication). Most of these variants are reported benign SNPs. Despite the comprehensive analysis of the whole mitochondrial genome, only about 6 % of the samples analyzed harbored reported pathogenic mtDNA mutations, and only <1 % are novel variants that are likely to be deleterious. Thorough clinical and biochemical evaluation [53] [54] [55] of the patients may improve the molecular diagnostic yield. Since not all heteroplasmic novel variants are clinically significant, other genetic, biochemical, pedigree, and clinical information, as well as results obtained from in silico analyses using protein structural/functional prediction algorithms are used to help with the interpretation of these variants (section "Interpretation of novel variants") [56, 57] .
Caveats in Making NGS-Based Diagnosis of mtDNA Related Disorders
The most difficult tasks in the molecular diagnosis of mtDNA disorders are (i) simultaneous detection and quantification of any heteroplasmic mtDNA point mutations, (ii) simultaneous detection and mapping of mtDNA large deletions, and (iii) simultaneous detection and quantification of mtDNA point mutations and large deletions anywhere in the mitochondrial genome. The MPS approach can accomplish these goals simultaneously if it is performed in such a way that it (i) avoids the interference of NUMTs and mtSNPs; and (ii) provides even coverage of all nucleotide positions of the entire genome. Since NUMTs are present throughout the nuclear chromosomes, and mtSNPs are distributed throughout the entire mitochondrial genome, the only way to avoid their interferences is to specifically amplify the whole mitochondrial genome as a single piece using a pair of primers that contain the least number of mtSNPs at the lowest frequency. This approach will also provide even coverage of every single nucleotide position [30, 45] . Alternative primers for LR-PCR should also be validated for deployment should the first chosen primers fail to amplify efficiently. A set of inwardly facing primers that bind outside of the single amplicon primers is also needed in order to evaluate possible SNPs at the main primer binding sites [30, 45] .
Most of the reported studies used at least two pairs of primers to amplify overlapping regions [43, [58] [59] [60] [61] [62] . Therefore, these MPS approaches cannot detect large mtDNA deletions properly. Although the coverage depth may be sufficient to provide heteroplasmic measurements, the variant calls and heteroplasmy measurements must be interpreted cautiously since the presence of SNPs at the primer binding sites and the co-amplification of NUMTs can potentially skew both variant calls and the heteroplasmy quantification.
NGS-Based Analysis of Nuclear Genes Causing Mitochondrial Disorders
The main difficulty in molecular diagnosis of mitochondrial disorders caused by nuclear genes is the tremendous genetic and clinical heterogeneity of the disease. To date, more than 200 nuclear genes have been identified to be responsible for mitochondrial disorders [2, 7] . The total number of nuclear candidate genes responsible for mitochondrial disorders is estimated to be around 1,500 [1] . It is obvious that sequencing candidate genes one-by-one using the Sanger sequencing approach is not practical. The massively parallel sequencing allowing simultaneous analysis of a number of target genes is the choice of method for time and cost effective diagnosis.
Target Gene Enrichment
Similar to mtDNA, methods for target gene enrichment include PCR-based and capture-based. The choice is dependent on the number of genes to be sequenced. The limit of the PCR-based approach is the number of amplicons and the number of multiplexed PCRs, while the capture-based method essentially has no limit. In general, if the number of target genes exceeds 100, it is easier to perform capture enrichment, which has the flexibility to scale up for capture of any number of genes, to the whole human genome.
Currently Available NGS-Based Tests for Nuclear Genes
Several different NGS approaches are currently available for clinical diagnosis. Depending on the clinical indication, results from other biochemical, molecular, and histopathological evaluation, and/or imaging studies, the following approaches may be chosen for effective diagnosis of the disease.
Gene Panels: Analysis of a Small Group of Genes
This is most suitable for recognizable syndromes, such as mtDNA depletion syndrome, or samples with molecular evidence of mtDNA depletion and/or mtDNA multiple deletions. A group of about 16 genes currently known to be responsible for mtDNA replication, salvage synthesis of purine/pyrimidine dexoynucleotides, and maintenance of mtDNA integrity, are enriched followed by NGS. Several laboratories are offering such NGS-based tests clinically (www.ncbi.nlm.nih.gov/sites/GeneTests). Biochemical assays of mitochondrial respiratory chain enzyme complexes may reveal specific patterns of complex deficiencies. For example, if there is isolated complex IV deficiency, then testing of all complex IV subunits and assembly genes is warranted. If the respiratory chain assay reveals reduced activities in complex I+III and complex II+III, indicating possible deficiency in the CoQ 10 pathway, then a panel of genes involved in CoQ 10 synthesis can be sequenced. If mitochondrial protein translation is impaired, a panel of genes involving mitochondrial amino acyl tRNA synthetases, mitochondrial protein translation factors, mitochondrial ribosomal protein large and small subunits (MRPLs and MRPSs), mitochondrial tRNA modification genes, etc. can be designed for capture-NGS analysis. Overall, NGSbased small panel tests are usually fully validated for clinical utility. However, compared to~1,500 genes, panel analysis usually only includes a very small fraction (1-10 %) of the whole Mitome (all genes related to mitochondrial structure and function), and an even smaller fraction (<1 %) of the whole exome or whole genome. Deep sequencing of target candidate genes also provides opportunities to discover new disease causative genes [9, 63] .
MitoExome: Analysis of Nuclear Genes Related to Mitochondrial Structure and Function
A small panel of nuclear genes may be expanded to include all complex subunits and assembly genes (complex I to V, total is about 100 genes), all nuclear encoded genes with reported mitochondrial disorders (about 200 genes) and their closely related genes (about 500), or all genes with mitochondrial ontology (termed Mitome, about 1,500 genes). A recent study reported the use of in-solution capture for the exons of 908 known and candidate nuclear genes for mitochondrial disorders followed by MPS to analyze 18 samples from patients with mitochondrial respiratory chain complex deficiencies [64] . Unfortunately, none of these 18 patients showed any mutations in the complex subunit genes or complex assembly genes, suggesting a broader genetic and clinical heterogeneity of mitochondrial disorders, and the necessity of improvement of current NGS-based analyses. Using a similar approach, target MitoExome analysis of 1,000 nuclear genes was performed in 42 unrelated infants with clinical and biochemical evidence of mitochondrial oxidative phosphorylation disease [9] . Diagnoses of autosomal recessive mitochondrial disorders were made in 10 out of 42 (24 %) patients [9] . These tests were only partially validated. These two studies demonstrated the promise of NGS-based diagnosis for the complex dual genome mitochondrial disorders.
Whole Exome or Whole Genome Sequencing (WES or WGS) for New Gene Discoveries
In addition to the identification of mutations in known disease genes, Mitome analysis allows the discovery of mutations in mitochondrial related genes that have not been reported before [9] . Results of Mitome analysis also suggested that the underlying genetic causes of mitochondrial disorders may be greater than previously thought [9, 64] . Whole exome and whole genome sequencing analyses have identified numerous new genes that may or may not have direct implication in the mitochondrial respiratory chain function [1, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . These newly discovered genes may be added to the Mitome gene list for further validation of their clinical utility.
Due to the large number of genes included in the WES or WGS, complete validation is difficult. Inefficiently covered coding regions are usually not well characterized. Therefore, false negative and false positive rates are high. Furthermore, numerous incidental findings and novel variants add to the uncertainties of the disease diagnosis and complexity in genetic counseling, which most clinicians are not prepared to deal with [65] .
Validation of NGS-Based Test for Nuclear Genes
For the analyses of panels with less than a couple of hundred genes, complete validation is possible and should be performed. With deep coverage, the number of exons that is inefficiently covered is small, which can be easily filled in by traditional PCR/Sanger sequencing in order to provide 100 % coverage. However, if the number of target genes increases to several hundred or whole exomes, the complexity increases, the coverage decreases, and it becomes more difficult to characterize the inefficiently covered coding regions in each sample, which may be too many to be filled in effectively by additional PCR/Sanger sequencing. Therefore, the validation tends to be partial.
Interpretation of Novel Variants
Databases and In Silico Prediction Algorithms
The clinical significance of sequence variants is interpreted and reported according to ACMG recommendations [66] . These guidelines are also used to interpret mtDNA variants with additional consideration for specific aspects of mtDNA mutations, mode of inheritance, and tissue specificity [56, 57] . Several publicly available databases are useful resources to aid in classification and interpretation of variants (Table 1A) . Theoretically, all novel variants require functional evidence to be classified correctly [56, 57, 66] . Since functional studies are usually time consuming and impractical to perform on all newly identified variants, several in silico prediction algorithms (Table 1B) are used to predict the likelihood of pathogenicity of a variant. In addition to splice site prediction programs, the analysis of missense variants is based on evolution conservation, importance in protein structure and function, similar changes in multiply affected families, the strength of any data supporting other etiologies, biochemical/molecular and clinical correlation, X-ray crystal structure modeling, etc (Table 1B) . These in silico analyses facilitate the categorization of a novel variant as a likely pathogenic mutation, benign polymorphism, or as an unresolved variant of unknown significance (VUS). Figure 3 illustrates the flowchart that takes a sequence variant through interpretative algorithms to reach the final categorization. Worth noting is that the flowchart algorithm is based on ACMG's recommendation that nonsense, frameshifts and splice site mutations are considered pathogenic mutations, however there is now substantial evidence showing that loss of function variants are not uncommon in our genome and can be tolerated [67] .
Additional Studies to Aid in Variant Classification and Interpretation
In addition to analyses using in silico prediction algorithms, additional genetic studies may assist in interpretation and genetic counseling (Table 2 ). Parental testing is typically recommended in order to ascertain mode of transmission and establish the phase of mutation findings. In the case of apparently homozygous mutations, parental testing is also needed to exclude allele drop out from SNPs or deletions, as well as other mechanisms causing apparent homozygosity [68] . If the two presumptive mutant alleles happen to be in cis, then the status of autosomal recessive disease cannot be established. Studies of family members for the cosegregation of genotype and phenotype may facilitate classification, especially for nuclear loci and larger families. The frequency of the observed variant should be determined by studying an appropriately matched control population to rule out the possibility of being a common SNP. If the frequency of the variant is >1 % in the general population, it is typically considered to be a single nucleotide polymorphism. RNA expression or cDNA sequence analysis can confirm a splice mutation or an intronic or promoter mutation that affects splicing or transcription. However, these studies are usually tedious and may be restricted to specific tissues. Finally, enzymatic assays may assess the consequence of a variant change in a gene encoding a functional protein. However, even biochemical evidence needs cautious interpretation since in vitro studies may not reflect in vivo biology. Interpretation of mtDNA variants should include the consideration of special aspects such as maternal inheritance, heteroplasmy, tissue specificity, threshold, and penetrance. These aspects are important in providing accurate information for genetic counseling. The ability to detect low heteroplasmy by MPS has greatly improved the ability to distinguish between carrier and non-carrier status. Determining if a mutation is inherited or has occurred from an apparently de novo event has a great impact on counseling for recurrent risk. If an mtDNA mutation only occurs in muscle and not other tissues, it is likely to be a somatic mutation limited to muscle. However, analysis of multiple tissues is often beneficial since mtDNA molecules carrying large deletions are preferentially eliminated from blood. Furthermore, mtDNA multiple deletions may be secondary to primary mutations in the nuclear genes responsible for maintenance of mtDNA integrity [69] [70] [71] [72] [73] .
As mentioned in section "Databases and in silico prediction algorithms", functional evidence is important in the determination of the pathgenicity of a variant, particularly for an mtDNA variant occurring in tRNA genes where in silico protein structural analysis is not applicable. To determine the pathogenicity of a variant in the mitochondrial tRNA genes, Yarham et al. developed a revised scoring system, which is useful in distinguishing pathogenic mutations from benign polymorphism [74] .
Conclusions
The translation of NGS to the clinical diagnosis of mitochondrial DNA related disorders has already occurred [30] . Several laboratories are offering fully validated NGS-based gene panel analysis by clearly documenting the performance characteristics and implementation of quality control and quality assurance procedures that are required by CLIA and CAP regulation. Experimental errors and limit of detection should be defined before offering the NGS-based quantification of mtDNA mutation heteroplasmy as a clinical test due to its impact on accurate genetic counseling.
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